INTRODUCTION {#S1}
============

Early life stress (ELS), increases the risk for, and severity of, neuropsychiatric disorders, including cognitive and affective pathology ([@R1]; [@R22]; [@R24]). Females are nearly twice as likely as males to develop stress-associated disorders ([@R12]; [@R35]). However, the neurobiological substrates of stress-associated effects on cognitive function, and the sex bias in risk for developing stress-associated pathology, are poorly understood.

The prefrontal cortex (PFC), crucial for the integration of cognition and emotion through cortical and subcortical pathways ([@R18]; [@R26]; [@R45]), is especially sensitive to ELS ([@R4]; [@R46]). Stress-linked pathologies, cognitive impairments, and inflexibility have been linked with functional and morphological alterations in the PFC ([@R18]; [@R37]; [@R45]; [@R55]). Lesion studies have demonstrated regional specificity in PFC for select cognitive abilities, such as set-shifting versus rule-reversal learning ([@R5]; [@R7]; [@R25]). Parvalbumin-positive (PV+) cells are the most prevalent type of inhibitory interneuron in the neocortex ([@R57]) and are integral in generating gamma oscillations that support cognition ([@R13]; [@R15]). Specifically, PV+ interneurons have been shown to regionally mediate set shifting through studies of optogenetic silencing and prenatal maternal immune activation ([@R14]; [@R16]). PV+ interneurons are late maturing, and highly sensitive to stress ([@R29]; [@R31]; [@R32]; [@R33]; [@R58]), but little is known regarding how postnatal ELS affects regional PV+ interneuron expression and cognition.

Decreased PV+ interneuron densities have been found in the PFC of patients with stress-related disorders such as depression ([@R34]; [@R50]). Failure to develop a normal γ-aminobutyric acid-ergic (GABAergic) pheno-type (e.g., decreased PV+ cell counts and lower PV and glutamic acid decarboxylase-67 kDa \[GAD67\] mRNA levels) has been linked to cognitive impairments observed in schizophrenia ([@R39]), which is comorbid with depression ([@R47]; [@R61]). Thus, cognitive function and flexibility may depend on appropriate levels of inhibition provided by PV+ interneurons in the PFC, and altered PV+ interneuron density or activity following ELS may be one mechanism by which stress causes impaired cognition ([@R9]).

Here, we used a mouse model of ELS in the form of fragmented maternal care, induced by limited bedding during a critical developmental period (postnatal day \[P\] 4--P11), to test whether altered maternal interaction leads to sex- and region-specific effects on attentional learning. Using a modified attentional set-shifting task ([@R16]; [@R21]), a select impairment in rule-reversal learning was found in female, but not male, ELS-reared mice. In female ELS mice, a decrease in PV+ interneurons was found in the orbitofrontal cortex (OFC). This effect was restricted to PV+ cells (not affecting expression of inhibitory cell markers in OFC). Deficits in rule-reversal learning could be recapitulated in healthy control animals through optogenetic silencing of PV+ interneurons in OFC, but not medial PFC (mPFC). We further showed that PV+ interneurons in mPFC are critical for rule shifting and are not affected by ELS. Thus, ELS may contribute to sex-specific effects on defined cognitive operations through effects on the development and functioning of PV+ inter-neurons in select regions of PFC.

RESULTS {#S2}
=======

ELS Leads to Selective Deficits in Rule-Reversal Learning in Female Mice {#S3}
------------------------------------------------------------------------

To test whether ELS affects cognition, we used a set-shifting task that assessed multiple aspects of attentional processing and flexibility. Cognitive flexibility, defined as the ability to adapt established patterns of behavior to changing circumstances or rules, depends critically on the PFC ([@R16]; [@R36]; [@R38]; [@R44]). Forms of cognitive flexibility include rule shifting, the capacity to switch attention from a dimension that was previously correct to a different dimension that has to be newly learned, and rule-reversal learning, learning a new rule that is opposite what was previously correct within the same dimension. Here, food-deprived mice were habituated to the testing arena and learned to dig for a food reward in a small container (see Experimental Timeline in [Figure 1A](#F1){ref-type="fig"}). Mice were then presented with two containers on each trial and learned to associate food reward with either the odor of the container or the texture of a surface that surrounded the container (simple discrimination \[SD\]). Mice then learned to search in one container to find the reward when both texture and odor cues were present (compound discrimination \[CD\]). Once the mouse reached criterion (8 of 10 trials correct) on the initial association, the stimulus predicting reward changed, e.g., from odor to texture, or vice versa, and the new rule was learned (rule shift). Alternatively, mice learned that the other stimulus within the same sensory dimension predicted the reward, e.g., odor A instead of odor B (rule reversal) ([Figure 1B](#F1){ref-type="fig"}). Animals that started with rule shift were subsequently tested for rule reversal, while animals that started with rule reversal were tested for rule shift. Order of testing and dimension (odor versus texture) were counterbalanced among mice to account for order effects.

Select impairments in rule-reversal learning were observed in ELS female mice relative to unstressed controls (n = 8, p \< 0.01) ([Figures 1C and1D](#F1){ref-type="fig"}), as evidenced by more trials to criterion and more errors committed in the rule-reversal task phase ([Figures 1C and 1D](#F1){ref-type="fig"}). No effect of ELS was observed on any other phase of testing or on latency to make a decision ([Figure 1E](#F1){ref-type="fig"}), suggesting that deficits were not due to altered motivation or locomotion. No effects of ELS on cognitive functioning were observed in male mice during any phase of testing ([Figures 1C--1E](#F1){ref-type="fig"}).

ELS Decreases PV Expression and PV Cell Density in the OFC of Female Mice, but Not Male Mice {#S4}
--------------------------------------------------------------------------------------------

Previous lesion, physiology, and functional imaging work in primates, humans, and rodents have identified the OFC as critical for rule-reversal learning ([@R6];[@R20];[@R59];[@R48]). To assess the effects of ELS on expression of neural markers in OFC and control regions (mPFC and primary somato-sensory cortex), tissue punches were collected from control and ELS-reared mice. Using quantitative real-time PCR, a significant reduction in PV and GAD67 mRNA were found in the OFC of ELS-reared females ([Figure 2A](#F2){ref-type="fig"}). These effects were not observed for PV in the mPFC ([Figure 2B](#F2){ref-type="fig"}) or the primary somato-sensory cortex ([Figure S1](#SD1){ref-type="supplementary-material"}). No effect of ELS was found for other interneuron markers in the OFC, suggesting that PV+ cells were uniquely influenced ([Figures 2A and 2B](#F2){ref-type="fig"}). To determine whether reduced gene expression was indicative of altered PV+ inter-neuron development, survival, or normal expression patterns, immunohistochemical labeling and stereological counting were used. ELS significantly reduced the density of PV+ interneurons in the OFC of ELS female mice ([Figure 2C](#F2){ref-type="fig"}). Males showed only a slight decrease in PV expression in the OFC, with no effects on GAD67 ([Figure 2D](#F2){ref-type="fig"}) or changes in PV+ cell density in this region ([Figure 2F](#F2){ref-type="fig"}).

To determine whether ELS altered the development of PV+ cells and/or led to a loss of PV expression in PFC, total PFC tissue was collected across several early developmental time points from a separate cohort of animals. ELS led to delayed onset of expression of PV mRNA in ELS female mice ([Figure 2G](#F2){ref-type="fig"}), suggesting that decreased PV+ cell density in adulthood is a result of failed PV+ cell development.

Inhibition of PV+ Cell Activity in OFC Leads to Selective Deficits in Rule-Reversal Learning {#S5}
--------------------------------------------------------------------------------------------

The selective reduction of PV+ cell density and PV mRNA in OFC suggests a role for PV+ interneuron dysfunction in the effects of ELS on rule-reversal learning in females ([@R7]; [@R40]; [@R43]). To determine whether diminished PV+ interneuron function in OFC is sufficient to induce impairments in rule-reversal learning, we employed optogenetic modulation. A PV-Cre mouse line was crossed with a line that would selectively express the inhibitory optogenetic construct halorhodopsin (NpHR) in Cre+ cells to suppress PV+ interneurons. Optic fibers were implanted bilaterally over either the OFC or the mPFC in control-reared male and female mice. The timeline of surgical manipulation and behavioral testing are presented in [Figure 3A](#F3){ref-type="fig"}.

Whole-cell recordings from NpHR-enhanced yellow fluores-cent protein (EYFP)-expressing cells in slices of OFC *in vitro* demonstrated that photostimulation could strongly suppress current-evoked action potential firing ([Figure 3B](#F3){ref-type="fig"}; [Figure S4](#SD1){ref-type="supplementary-material"}). Optical silencing of OFC PV+ cells (yellow bars) *in vivo* resulted in a selective impairment in rule-reversal (RR) learning ([Figures 3C and 3D](#F3){ref-type="fig"}) but did not influence other phases of the attentional set-shifting task or initial learning of the paradigm. There were no effects of photostimulation on performance in control animals during any task phase and no impairments in PV-Cre^+/−^ ×NpHR^+/−^ mice in the absence of photostimulation (non-yellowed bars, [Figures 3C and 3D](#F3){ref-type="fig"}). Multiple controls were used to confirm that effects were not due to order of testing, genotype, and locomotion or the presentation of light during testing. Neither Cre^+/−^× NpHR^+/−^ mice nor Cre^+/−^ × NpHR−/− control mice showed motivational or locomotor deficits as a result of optical modulation of OFC, measured by latency to decision during the task ([Figure S2A](#SD1){ref-type="supplementary-material"}). Locomotion was measured in an open field after cognitive testing, and no effects of genotype or photostimulation were observed ([Figure S2](#SD1){ref-type="supplementary-material"}). Furthermore, order of photostimulation was counterbalanced within groups, with some animals receiving stimulation during RR first while others received stimulation during rule shift (RS) first. Testing order was also counter-balanced ([Figure 1B](#F1){ref-type="fig"}).

To confirm that the optogenetic manipulation successfully modulated neuronal activity, a subset of mice received 20 min of photostimulation to mimic stimulation during behavioral testing and were sacrificed 45 min later. Brains were processed for c-Fos immunohistochemistry and verification of fiber placement ([Figures S2C and S3](#SD1){ref-type="supplementary-material"}). PV-Cre^+/−^ × NpHR^+/−^ mice showed enhanced c-Fos expression, an effect that was not observed in PV-Cre^+/−^ × NpHR^−/−^ mice ([Figure 3E](#F3){ref-type="fig"}; [Figure S3](#SD1){ref-type="supplementary-material"}).

Suppression of PV+ Cell Activity in mPFC Causes Select Deficits in Rule-Shift Learning {#S6}
--------------------------------------------------------------------------------------

To determine whether the OFC PV+ population is crucial for RR learning or disruption of other frontal PV+ cells can cause broader behavioral deficits, a separate group of mice was implanted with optical fibers bilaterally over mPFC ([Figures 3F--3H](#F3){ref-type="fig"}). In previous studies, loss or silencing of PV+ interneurons in mPFC impaired rule-shift learning ([@R7]; [@R16]; [@R48]). Consistent with those results, PV-Cre^+/−^ × NpHR^+/−^ mice, but not PV-Cre^+/−^ × NpHR^−/−^ control mice, receiving optical stimulation of mPFC had select deficits in rule-shift learning ([Figures 3F and 3G](#F3){ref-type="fig"}). Silencing of PV interneurons in mPFC did not affect RR learning or performance during any other task phase ([Figures 3F and 3G](#F3){ref-type="fig"}). Optical silencing of PV+ cells in mPFC did not affect locomotor activity in the open field ([Figures S2E and S2F](#SD1){ref-type="supplementary-material"}) or during the attentional learning ([Figure S2B](#SD1){ref-type="supplementary-material"}). Again, order of testing and photostimulation were counterbalanced across animals and did not contribute to the observed deficits. Optic fiber placement verified in the mPFC ([Figure S2D](#SD1){ref-type="supplementary-material"}), and c-Fos expression again showed increased neuronal activity following 20 min of optical stimulation, suggestive of successful PV+ cell suppression in PV-Cre^+/−^ × NpHR^+/−^ mice ([Figure 3H](#F3){ref-type="fig"}; [Figure S3B](#SD1){ref-type="supplementary-material"}).

DISCUSSION {#S7}
==========

Here we found that ELS led to sex-selective loss of PV+ interneurons in the OFC of female mice, along with cognitive deficits in reversal learning in an attentional set-shifting task. Inhibiting OFC PV+ interneurons in control mice phenocopied the deficits observed in ELS-exposed females, consistent with a possible causal relationship between these observations. Conversely, inhibiting PV+ interneurons in mPFC impaired RS, but not RR learning, indicating a behavioral dissociation between these brain regions. This finding is consistent with past lesion and deletion studies demonstrating behavioral specificity of the OFC and mPFC ([@R7], [@R8]; [@R44]). However, until now, this had not been shown through selective and reversible inhibition of PV+ interneurons. Our results imply that ELS specifically disrupts the development of PV+ interneurons in the OFC of female mice, causing the disruption in PFC-dependent cognition. They also indicate that stress vulnerability of PV+ interneurons is a potential mechanism for sex-selective cognitive disturbance observed after ELS.

ELS Female Mice Exhibit PV+ Cell Deficiencies and Specific Cognitive Deficits that Align with Impairments Observed in Patients with Stress-Associated Pathologies {#S8}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

ELS has life-long effects on neural and behavioral maturation and increases risk for developing anxiety or depression ([@R1]; [@R24]). Females are particularly vulnerable to stress-linked mental illness and are nearly twice as likely as males to be affected ([@R27]; [@R35]). We have shown that ELS, in the form of maternal bedding restriction, leads to a robust depression-like phenotype in adult females ([@R28]). Depression is highly associated with functional and morphological alterations in the PFC and limbic system and comorbid with cognitive impairments and inflexibility ([@R11]; [@R23]). Despite links between cognitive dysfunction and stress-related mental illness, few animal models of stress have explored this relationship ([@R21]; [@R45]). Here, we shed light on how ELS might influence cognitive functioning in females. Impairments in the GABAergic system, including reduced PV+ interneurons in OFC, have been reported in clinically depressed patients ([@R18]; [@R30]; [@R50]), consistent with the decreased PV+ cell density observed here in ELS female mice. More work will be required to determine whether this is a loss of protein expression or loss of inhibitory cells. Furthermore, decreased PV+ interneurons number and reduced PV and GAD67 in OFC of ELS females were present early and continued into adulthood, suggesting a disturbance in inhibitory development.

Several mechanisms may underlie the effects of ELS on attention and PV+ interneurons. ELS increases circulating stress hormones and pro-inflammatory cytokines via sex-dependent mechanisms associated with oxidative damage to PV+ interneurons in the PFC ([@R54]). Damage may also involve failed development of perineuronal nets (PNNs), the extracellular matrix important for maturation and stabilization of synapses and networks of PV+ cells, as seen in patients and animal models of schizophrenia ([@R10]). ELS leads to higher circulating stress hormones by postnatal (PN) day 16 ([@R3]) in mice; thus, the magnitude of the ELS effects of hypothalamic pituitary axis (HPA) function may also contribute to increased risk for altered PV+ cell development and cognitive impairments.

Sex hormones may play a role in the altered development or degradation of GABAergic networks. In a rat model of hippocampal neurodegeneration, administration of 17-beta-estradiol (E2) in ovariectomized animals induced upregulation of genes involved in neuroprotection and synaptogenesis, as well as *GAD67*, *PV*, and genes that regulate PV synthesis: *Pgcα−1* and *Sirtuin 1* ([@R17]). There is evidence that during proestrus, a period of high estrogen levels, female mice are at heightened risk of stress-induced PFC dysfunction ([@R52]). In male rats, testosterone has protective and anti-inflammatory effects, reducing circulating pro-inflammatory cytokines and increasing levels of anti-inflammatory cytokines ([@R60]). There is evidence that ELS, in the form of maternal separation, reduces circulating testosterone at periadolescence (PN 35) in male rats and leads to a correlated decrease in interleukin-10 (IL-10) and PV+ cells in the mPFC ([@R29]). In light of these possibilities, we took measures to account for such effects by randomly selecting animals from multiple litters and tested females from the same litter on different days to sample across the cycle. We have preliminary data from precycling animals (P36), indicating that the selective disturbance in RR learning emerges early and is unlikely to be specific to cycle stage (unpublished data).

Selectively Inhibiting PV+ Interneurons in the PFC Produces Persistent and Anatomically Specific Cognitive Deficits {#S9}
-------------------------------------------------------------------------------------------------------------------

Consistent with prior lesion and deletion studies, we demonstrate a behavioral dissociation between OFC and mPFC ([@R7]; [@R20]). [@R53] demonstrated that inhibiting PV+ interneurons in mPFC specifically disrupts RS ([@R16]), but effects on OFC and RR learning had not been shown. We tested this dissociation through optogenetic inhibition of PV+ interneurons, replicating rule-shift deficits in mPFC and inducing RR deficits through PV+ cell inhibition in OFC. Our results suggest that PV+ inter-neuron activity in OFC and mPFC are integral to RR and rule-shift learning, respectively.

There is evidence that chronic stress in rats impairs the generation of rhythmic spontaneous induced pluripotent stem cells (IPSCs) originating specifically from PV+ interneurons in the hippocampus ([@R33]). Perisomatic inhibition is pivotal in synchronizing activity of pyramidal neurons and the generation of some cortical gamma oscillations ([@R15]; [@R53]). In PFC, PV+ interneurons and gamma oscillations may be central to the control of attention ([@R36]). Thus, ELS-induced loss of PV+ interneurons in female mice may lead to abnormal network oscillations and the reported cognitive impairments often observed in patients with stress-related psychiatric disorders ([@R16]; [@R41]). Here, we find that ELS effects on cognitive performance can be replicated through optogenetic inhibition of PV+ interneurons in the OFC.

In summary, ELS leads to female-specific deficits in reversal learning during adulthood. We uncovered a mechanism underlying ELS-induced impairments and demonstrated a behavioral dissociation between the OFC and the mPFC through optogenetic inhibition of PV+ interneurons. This is a significant advance in our understanding of how ELS affects the PFC in a sex-selective manner to cause cognitive dysfunction in adulthood that is highly comorbid with other stress-related pathologies. Our results could suggest new interventional strategies for populations with adverse early life experiences that may be at risk for developing neuropsychiatric disorders with attentional or cognitive components, such as major depressive disorder or schizophrenia.

STAR★METHODS {#S10}
============

CONTACT FOR REAGENT AND RESOURCE SHARING {#S11}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Kevin G. Bath (<Kevin_Bath@Brown.edu>).

EXPERIMENTAL MODEL AND SUBJECT DETAILS {#S12}
--------------------------------------

Adult (P60--80) male and female C57BL/6N mice were bred in house, from breeding stock obtained from Charles River labs. Mice had *ad libitum* access to food and water, and were housed on a 12h:12h light cycle. For optogenetic studies, male and female mice were obtained by crossing a floxed Halorhodopsin (NpHR)-EYFP (JAX\#014539) mouse with a mouse that contains a PV-directed Cre driver (PV-Cre, JAX\#008069) to obtain animals that express the eNpHR3.0 fusion protein in all PV-interneurons, as well as their control littermates that did not express the protein. Genotyping of mouse lines was carried out though the third party vendor, Transnetyx. All animal procedures were approved by the Brown University Institutional Animal Care and Use Committee and consistent with the guide for the care and use of animals in research.

METHOD DETAILS {#S13}
--------------

### Early life stress: fragmented maternal care {#S14}

Four days following birth of a litter, the dam and pups were transferred from their standard home cage, to a home cage with a wire mesh floor and were provided with a 2 × 4 cm cotton nestlet as their only source of bedding ([@R51]). Mice continued to have *ad libitum* access to food and water. Dam and litters remained in these modified housing conditions for seven days, and at P11 were returned to standard housing, containing cob bedding and a 4 × 4cm nestlet. Control mice were left undisturbed throughout these procedures. All pups were weaned and sex segregated at 21 days of age.

### Attentional set-shifting task {#S15}

To test cognitive flexibility in control and ELS male and female mice, we adapted a version of a previously established attentional set-shifting task ([Figure 1B](#F1){ref-type="fig"}) ([@R5]; [@R7]; [@R16]). Briefly, mice were food restricted to 80%--85% of their *ad libitum* feeding weight. At start of each trial, the mouse was placed in a large (\~ 25cm × 40cm), empty test cage and presented with two bowls that it had to choose between, based on the current rule set ([Figure 1B](#F1){ref-type="fig"}). A choice was indicated by the mouse starting to dig for the food reward, a small piece of Fruity Pebbles cereal. The bowls each contained one odor (Yankee Candle wax) and one texture (coaster surrounding container,) which served as the cues to predict reward. The small, glass bowls were all identical in color and size, as was the digging material (white odorless rat bedding provided by Animal Care, Brown University).

After mice reached their target weight, they were trained to dig for the bait in the small glass bowls in the testing arena during day one of habituation ([Figure 1B](#F1){ref-type="fig"}). On this day, animals were given 8 consecutive trials with a baited bowl to ensure that they could reliably dig. During day 2, the mice were run through a simple discrimination (SD), where only one relevant dimension was present (e.g., odor or texture, but not both). Mice learned which of two odors predicted the reward and that only one bowl contained the food reward. This also served as an olfactory or texture discrimination test to determine that mice were able to reliably discriminate between cues without a distractor. On the following days (3 and sometimes 4), mice were tested in a series of trials where each bowl differed in both odor and texture. The determination of which odor and texture to pair as well as which side (front, back, right, left) contained the baited bowl was randomized (with the requirement that the same combination of pairings and side did not repeat on more than three consecutive trials). A mouse was considered to have learned the association and that task phase was complete when it achieved 80% correct in the prior 10 trials.

Mice first learned a compound discrimination (CD), where the second (irrelevant) dimension (e.g., texture) was introduced while the original dimension (e.g., odor) continued to predict reward. For half of the mice, this was followed by a rule-shift (RS), in which a stimulus in the previously irrelevant dimension (e.g., texture) now predicted reward. Following completion of this task phase, mice were tested in a RR, where the previously unrewarded stimulus within a dimension (e.g., previously un-rewarded texture), now predicted reward ([Figure 3B](#F3){ref-type="fig"}). Across all experiments, the order of testing (stimulus dimension as well as test phase) was counterbalanced for practice effects and interference from the previous rule set or dimension on performance on subsequent tests. For instance, the other half of mice in each group were first tested on an RR, followed by a rule-shift. For each group of animals tested in the attentional set shifting task, n = 8--10.

### Immunohistochemisty {#S16}

Animals were transcardially perfused with buffered saline followed by buffered 4% paraformaldehyde fixative, post-fixed for one hour, immersed in 30% sucrose and then processed as previously described ([@R2]). For parvalbumin immunohistochemistry, free-floating sections were blocked with 10% normal goat serum and 0.1% triton-X and then incubated with mouse anti-PV antibody (1:1000; EMD Millipore MAB81572, lot no. 2718×12, Temecula, CA), followed by biotin-conjugated goat anti-mouse secondary antibodies (1:1000: Vector labs, BA-9200), avidin-biotin peroxidase complex (Vector labs Vectastain ELITE, PK-4000) and DAB peroxidase (Sigma Aldrich, Sigmafast DAB tablet set, D4293). Sections were then mounted, dehydrated, and coverslipped. Primary antibody was omitted as a negative control. For detection of c-Fos, we used an affinity purified rabbit polyclonal antibody raised against the N terminus of human c-Fos (1:1000 dilution; EMD Millipore, ABE457, lot no. 2610509, Temecula, CA).

### Cell counting {#S17}

To quantify cell density, PV+ cells and *c-Fos* positive cells were manually counted by an experimenter blind to the experimental condition, sex, and genotype of the mouse. Using an unbiased stereological technique, the optical fractionator method with Cavalieri estimator (Stereo Investigator), cell density of immunoreactive cells was randomly sampled across four representative 40 μm thick sections with 120 μm between sections within each region of interest (OFC- VO, LO and mPFC- IL, PL), as in our previous work ([@R2], [@R3]).

### Realtime qPCR {#S18}

Brain tissue punches were collected from the OFC (VO and LO), the medial PFC (IL and PL), the motor cortex (M1), and primary somatosensory cortex (S1). Tissue was homogenized in RNAzol (Molecular Research Center; RN 190) and stored at 80C until RNA was isolated in accordance with manufacturers protocol, followed by cDNA synthesis (as described in previous work). Pre-validated Taqman assays were run in multiplex with housekeeping gene (Beta Actin, Life Technologies). Relative gene expression was calculated based on a standard curve included on each plate. CFX384 RT-qPCR system (Biorad) and associated software (Biorad CFX 3.1) was used for gene expression profiling. For each comparison, n = 5 − 8 animals per group.

### Optical Fiber preparation {#S19}

Optical fibers were prepared in house. A 200 μm core, 0.37 NA standard multimode fiber (Thorlabs, Newton, NJ) was stripped of cladding, passed through a 230 μm multimode ceramic zirconia ferrule (Precision Fiber Products, Milpitas, CA), and secured in place using epoxy. Ferrules were then polished and cut to length to target the OFC or mPFC. They were tested for light output using an optical sensor (ThorLabs, PM100D, Newton, NJ) and sterilized with 70% ethanol prior to implantation.

### Surgery {#S20}

Naive PV-Cre:Halo mice were anesthetized with isofluorane gas anesthesia (1.5%--2.0% in 1 \|/min oxygen) and secured in a stereo-taxic apparatus. The scalp was shaved and cleaned with iodine solution and alcohol to minimize risk for infection. After intraperitoneal (IP) injection of Buprenex (0.1 mg/kg, as an analgesic) and local application of lidocaine, the skull was exposed with an incision along the midline. After the skull was cleaned, a \~1 mm--diameter craniotomy was drilled over orbitofrontal cortex. The cannula and fiber optic implant were aligned and lowered to the surface of the cortex, over the OFC. The cannula was implanted at a 0°angle 2.46 mm anterior, and 1.35 mm lateral from bregma at a depth of 2.0mm below skull. If notable bleeding occurred during implantation, the surgery was aborted. Once the implants were stable, a dental acrylic cap was placed around their base and mice were taken off of isoflurane. For mPFC implantation, identical procedures were used, but fibers were localized to coordinates 1.9 mm anterior and 0.7 mm lateral from bregma at a depth of 1.4 mm below the skull at a 10°angle. Mice were monitored until awake and alert and daily post-surgery for three days to ensure that no signs of distress or infection were present.

### Optogenetic Study {#S21}

Mice (male and female) were bred that express the eNpHR3.0-EYFP fusion protein in all PV-interneurons ([@R42]; [@R56]3). These mice were generated by crossing a floxed Halorhodopsin (NpHR)-EYFP (JAX\#014539) mouse with a PV-directed Cre driver (PV-Cre, JAX\#008069). Between P50--55, mice underwent surgery to bilaterally implant optical fibers over the OFC or mPFC and were allowed \> 9 day recovery before testing ([Figure 3A](#F3){ref-type="fig"}). Studies were carried out in independent groups of mice. Control (NpHR −/−) and experimental (NpHR ± ) mice were then tested on the attentional learning task (described above). During the attentional learning task, in a subset of mice, the PV-interneurons in the OFC were photo-inhibited with continuous administration of orange light (620 nm Plexbright LED, Plexon, Dallas, TX), using an LED driver (Plexon, Dallas, TX) during the total duration (all trials) of the RR learning phase of testing. A separate cohort of mice received optical inhibition during the rule-shift or initial rule acquisition task phases to ensure that any effects were phase-selective. The same protocol was followed for animals that underwent PV-cell photo-inhibition in the mPFC. Testing order and order of optogenetic silencing was counterbalanced across groups of mice to control for potential effects of order or previous photostimulation on learning. Approximate light power was \< 1 mW/mm2, similar to previous successfully used sustained 'DC' stimulation ([@R16]).

### *In vitro* slice physiology {#S22}

Testing of NpHR efficacy in PV cells (as in [Figure 3B](#F3){ref-type="fig"}) was achieved using targeted whole-cell recordings in parasagittal slices of OFC maintained *in vitro*. Methods were very similar to those of [@R49]. Mice were identical to those used in behavioral experiments. NpHR-expressing PV interneurons were identified by their EYFP fluorescence, and verified by their fast-spiking pheno-type ([@R19]). Photostimulation was done with collimated light from a white LED (cool white 5500K, Mightex) controlled by a Thorlabs LEDD1B driver reflected through a dichroic mirror (FF655-Di01, Semrock) and a 40x immersion objective (LUMPlanFl 40x/0.80 W, Olympus).

### Open Field Testing (OFT). {#S23}

To verify that optical stimulation did not impact general locomotor activity or risk for seizure, mice were placed in custom-made white plastic open field arena (50×50×40 cm) that were evenly illuminated (\~10 Lux) in a dimly lit room. The day after mice finished the attention task, mice were acclimated to the testing room for 20 minutes, and then placed in an open field arena. Locomotor activity was measured as distance and velocity traveled during a 15-minute test using a video-tracking system (Noldus Ethovision 10.1). During the entire test the animals were bilaterally connected to optical fibers, but continuous stimulation was only administered from minute 5:00 to minute 10:00. Changes in locomotor activity prior to, during, and after stimulation were examined.

### c-Fos activation {#S24}

Animals were food and water deprived for a one-hour acclimation period in the lab. Mice then received bilateral light stimulation for 20 minutes, to mimic the stimulation during behavioral testing. Thirty minutes after the stimulation, animals were transcardially perfused, as described above for immunohistochemistry and verification of fiber placement.

QUANTIFICATION AND STATISTICAL ANALYSIS {#S25}
---------------------------------------

Data analyses were performed in SPSS. A detailed description of the statistical parameters used for each analysis can be found in the corresponding figure legend and/or methods section in the text. When conducting statistical analyses, we tested for normality, and confirmed a normal distribution of each dataset. For analysis of optogenetic studies, we also carried out non-parametric statistical comparisons, using Kruskal Wallis H-test to compare performance between groups (Halo+, Halo-, light+, light-) on trials to criterion for each phase of the task. Consistent with Analysis of Variance results, we found a significant effect of group for the rule reversal phase of testing, but no other phases of testing.

For the cognitive flexibility task in control and ELS C57BL/6N mice, we used repeated-measures one-way ANOVAs to compare trials to completion, errors and latency within groups (control male, ELS male, control female, ELS female) during the various task phases (SD, CD, RS, and RR). There was a significant effect of task phase, within groups, which we would expect with a task that is We followed up this analysis with a one-way ANOVA during each specific task phase and reported significant post hoc Bonferroni comparisons between groups ([Figure 1](#F1){ref-type="fig"}).

For the RT-qPCR gene expression analysis in the OFC and mPFC, we used two-tailed Student's t tests to compare groups (ELS versus control) for each specific gene and sex. The same was used when analyzing the difference in immunoreactive PV cell density between groups in each brain region (VO and LO). For developmental RT-qPCR PV gene expression analysis in the PFC, we ran a two-way ANOVA to determine effects of treatment (control or ELS) and age (P8, P12, P16 or P21) ([Figure 2](#F2){ref-type="fig"}).

To analyze the effects on optogenetic silencing of PV+ interneurons in the OFC and mPFC of NpHR^+/−^ and NpHR^−/−^ animals during the cognitive flexibility task, we first used a three-way ANOVA (task phase (SD, CD, RS, or RR) \* stimulation (on or off) \* genotype (NpHR^+/−^ or NpHR-/)) and found significant three-way interactions. We then checked for differences between genotype for each task phase with photostimulation and without photostimulation using Student's two-tailed, unpaired t tests ([Figure 3](#F3){ref-type="fig"}). To analyze the effects of photostimulation on c-Fos activation in NpHR^+/−^ and NpHR^−/−^ animals, we again used Student's two-tailed, unpaired t tests to determine effects between genotypes in various brain regions (OFC- VO and LO; mPFC- IL and PL).
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![Females Exposed to ELS Demonstrated Significant Impairments in Rule-Reversal Learning\
(A) Timeline for ELS and behavioral testing. Schematic of control and ELS conditions from PN days 4--11. Control animals remain in their home cage with ample bedding, while ELS dam and pups are transferred into the ELS cage.\
(B) Schematic of the attentional set-shifting task (black arrows, top) in which animals perform a simple discrimination (SD), followed by a compound discrimination (CD), a rule shift (RS), and a rule reversal (RR). The schematic with red arrows (bottom) shows that half of the mice underwent testing in a counterbalanced order, with RR preceding RS. Green text indicates the rewarded stimulus.\
(C) A significant difference in the number of trials to reach criterion between task phases (repeated measure \[RM\] ANOVA; F~(3,34)~ = 5.145, p = 0.002) and a significant interaction between task phase × group (F~(3,34)~ = 2.470, p = 0.014) were found. A significant effect of group was found specifically in RR learning (F~(3,34)~ = 5.106, p = 0.005). ELS females (n = 8) took significantly more trials to reach criterion than ELS males and control females (n = 10) (Bonferroni multiple comparisons post hoc test; p = 0.029 and p = 0.004, respectively).\
(D) There was also a significant difference in the number of errors committed between task phases (RM ANOVA; F~(3,34)~ = 6.635, p \< 0.001) and an interaction between group and task phase (F~(3,34)~ = 2.675, p = 0.008). A significant difference between groups was again only observed in RR learning (F~(3,34)~ = 8.413, p \< 0.001), with ELS females committing significantly more errors than any other group (Bonferroni multiple comparisons post hoc test; ELS female \[F\] versus unhandled control (UHC) male \[M\], p = 0.038; ELS M, p = 0.001; and UHC F, p = 0.001).\
(E) No significant differences in latency were observed among groups in any task phase. For all plots, data show means ± SEM. Significance is denoted as follows: \# for main effects or interaction effects, and \* for significant post hoc comparisons; \*p \< 0.05, \*\*p \< 0.005. In the case of a significant one-way ANOVA, F statistics are reported, but only the significant post hoc Bonferroni comparisons are shown.](nihms-1516192-f0002){#F1}

![ELS Females Showed Significant Reductions in PV and GAD67 mRNA Expression and PV Cell Density in the OFC\
Quantitative real-time PCR analysis of relative mRNA expression of several interneuron markers---parvalbumin (PV), calbindin (Calb1), calretinin (Calb2), and somatostatin (SST), as well as neuropeptide Y (NPY) and GABA-synthesizing enzyme, and glutamic acid decarboxylase-67 kDa (GAD67)---was performed relative to control gene β-actin in the orbitofrontal cortex (left panels) and medial prefrontal cortex (middle panels). Top panels show female data (A--C); bottom panels show male data (D--F).\
(A) In the OFC, female ELS-exposed mice had a significant and selective reduction of PV (t~(1,11)~ = 2.282, p = 0.043) and GAD67 (t~(1,11)~ = 2.429, p = 0.003) in comparison with control females. No other interneurons were affected by stress.\
(B) In the mPFC of female animals, no effects of ELS were observed on PV, GAD67, NPY, or any other interneuron except a slight reduction in calbindin expression in ELS females (t~(1,9)~ = 2.302, p = 0.047).\
(C) Cell counts in the OFC show ELS females had a significant decrease in PV+ density in both the ventral orbitofrontal (VO) cortex (t~(1,14)~ = 3.480, p = 0.004) and lateral orbitofrontal (LO) cortex (t~(1,14)~ = 3.533, p = 0.003) regions of the OFC in comparison with control females.\
(D--F) In males, we observe(D) a significant reduction in PV mRNA gene expression in the OFC (t~(1,8)~ = 2.451, p = 0.040) of ELS mice, (E) no change in gene expression in the mPFC, and (F) this effect was not associated with changes in PV cell density in this region. No other interneuron markers were affected, nor were any changes detected in the mPFC.\
(G) PV expression in the prefrontal cortex (PFC) increases across development in all groups (F~(3,53)~ = 36.404, p \< 0.000) but is significantly affected by ELS (treatment × day interaction; F~(6,50)~ = 2.725, p = 0.024). Specifically, by P21, ELS females showed a significant reduction in PV expression in comparison with control animals (F~(1,13)~ = 6.020, p = 0.029).\
(H) Images from the OFC of adult control and ELS females show PV+ immunohistochemical labeling (images at 203 magnification; scale bar, 50 \~M ). For all plots, data show means ± SEM and are analyzed using two-tailed Student's t tests or ANOVA. Significance is denoted as follows: \# for main effects or interaction effects, and \* for post hoc or pairwise comparisons; \*p \< 0.05, \*\*p \< 0.005.](nihms-1516192-f0003){#F2}

![Optogenetic Inhibition of PV Interneurons in the OFC or the mPFC Selectively Impaired Rule-Reversal Learning or Rule Shifting, Respectively\
(A) Surgical and behavioral timeline for animals that underwent optogenetic stimulation in the OFC or mPFC. Examples of testing and illumination protocols on days 3 and 4 are shown, where yellow indicates continuous photostimulation with 620-nm light.\
(B) In slice preparation from PV-Cre NpHR^+/−^ mice, we demonstrate optogenetic suppression of stimulus current-induced spiking in a NpHR^+/−^-expressing PV interneuron. For slice experiments, a 545 ± band-pass excitation filter on white light emitting diode (LED) light was used. The light power at the plane of focus was 28.2 μW/mm^2^. A more in-depth analysis of the effects of optogenetic stimulation is presented in [Figure S4](#SD1){ref-type="supplementary-material"}.\
(C) The effects of continuous illumination (yellow bars) over the OFC during various test phases of the attentional set-shifting task were assessed in NpHR^−/−^ mice (shown in black, n = 4) and NpHR^+/−^ mice (shown in gray, n = 8). There is a significant interaction among light stimulation, genotype, and task phase (three-way ANOVA; F~(2,69)~ = 7.963, p = 0.001). Specifically, NpHR^+/−^ mice take significantly more trials to reach criterion (t~(3,19)~ = 5.053, p = 0.0002) than NpHR^−/−^ littermates under light stimulation during RR learning.\
(D) Similarly, under continuous illumination over the OFC, NpHR^+/−^ mice commit significantly more errors during RR learning than NpHR^−/−^ animals (t~(3,19)~ = 3.541, p = 0.0065). A significant three-way interaction among light stimulation, genotype, and task phase on errors commit during the task was also reported (F~(2,69)~ = 4.208, p = 0.019).\
(E) Postmortem c-Fos analysis revealed continuous optical inhibition of PV interneurons in the OFC leads to an increase in c-Fos expression in this region t~(1,10)~ = 3.108, p = 0.011). Data shown for lateral orbitofrontal (LO) cortex; ventral orbitofrontal (VO) expression was also significant t~(1,10)~ = 2.841, p = 0.018) and can be found in [STAR Methods (Figure S3)](#SD1){ref-type="supplementary-material"}.\
(F) Effects of continuous photostimulation with 570-nm light over the mPFC. A significant interaction among light stimulation, genotype, and trial phase was reported (three-way ANOVA; F~(2,69)~ = 3.232, p = 0.045). Specifically, NpHR^+/−^ animals take significantly more trials to meet criterion during the RS phase than NpHR^−/−^ mice t~(8,31)~ = 5.686, p \< 0.0001). These effects were not present in any other task phase or in the absence of light.\
(G) Optogenetic inhibition of mPFC interneurons also affected errors committed during the task, with a three-way interaction found among light stimulation, genotype, and task phase (F~(2,69)~ = 4.590, p = 0.013). NpHR^−/+^ mice (n = 6) committed significantly more errors than NpHR^−/−^ mice (n = 5) (t~(8,31)~ = 5.374, p \< 0.0001) committed selectively during the RS task phase. Again, effects were only observed in the presence of photostimulation.\
(H) Postmortem c-Fos analysis revealed that optically silencing PV interneurons in the mPFC led to an increase in c-Fos expression (t~(1,11)~ = 3.216, p = 0.008). Data shown for the infralimbic cortex (IL); expression in the prelimbic cortex (PL) was also significant (t~(1,11)~ = 2.883, p = 0.015) and can be found in [STAR Methods (Figure S3)](#SD1){ref-type="supplementary-material"}.\
For all plots, data show means ± SEM. Significant main effects and main interactions are reported, but only significant Bonferroni comparisons are shown. For c-Fos expression, data are analyzed using two-tailed Student's t tests. Significance is denoted as follows: \*p \< 0.05, \*\*\*p \< 0.001](nihms-1516192-f0004){#F3}

###### 

KEY RESOURCES TABLE

  REAGENT or RESOURCE                                                       SOURCE                     IDENTIFIER
  ------------------------------------------------------------------------- -------------------------- ------------------------------
  Antibodies                                                                                           
  mouse anti-PV antibody                                                    EMD Millipore              RRID: MAB81572 (lot 2718312)
  biotin-conjugated goat anti-mouse secondary antibodies                    Vector labs                RRID: BA-9200
  rabbit polyclonal antibody raised against the N terminus of human c-Fos   EMD Millipore              RRID: ABE457 (lot 2610509)
  Critical Commercial Assays                                                                           
  Taqman assay- parvalbumin                                                 Life Technologies          Mm00443100_m1
  Taqman assay- somatostatin                                                Life Technologies          Mm00436671_m1
  Taqman assay- calbindin                                                   Life Technologies          Mm00486647_m1
  Taqman assay- calretinin                                                  Life Technologies          Mm00801461_m1
  Taqman assay- Gad-67                                                      Life Technologies          Mm04207432_g1
  Taqman assay- NPY                                                         Life Technologies          Mm01410146_m1
  Taqman assay- Beta Actin                                                  Life Technologies          4352341E
  Experimental Models: Organisms/Strains                                                               
  floxed Halorhodopsin (NpHR)-EYFP mouse                                    Jackson Labs               JAX\#014539
  PV-directed Cre driver mouse                                              Jackson Labs               JAX\#008069
  C57BL/6N mouse                                                            Charles River labs         C57BL/6N- \#027
  Software and Algorithms                                                                              
  Noldus Ethovision 10.1                                                    Noldus                     Ethovision XT 10.1
  SPSS                                                                      IBM                        SPSS v.24
  Biorad CFX3.1                                                             Biorad                     CFX3.1
  Other                                                                                                
  Vectastain ELITE                                                          Vector Labs                PK-4000
  Sigmafast DAB tablet set                                                  Sigma Aldrich              D4293
  0.37 NA standard multimode fiber                                          Thor Labs                  200um core
  multimode ceramic zirconia ferrule                                        Precision Fiber Products   230um
  Optical sensor                                                            Thor Labs                  PM100D
  white LED                                                                 Mightex                    Cool white 5500K
  Thorlabs LEDD1B driver reflected through a dichroic mirror                Thor Labs                  FF655-Di01 (Semrock)
  40x immersion objective                                                   Olympus                    LUMPlanFl 40x/0.80 W
  CFX384 RT-qPCR system                                                     Biorad                     CFX384

###### Highlights

-   Early life stress leads to select deficits in reversal learning in female mice

-   Impaired rule-reversal learning is associated with decreased PV and GAD67 in OFC

-   Optogenetic silencing of OFC PV+ cells recapitulates ELS effects on reversal learning

-   Optogenetic silencing of mPFC PV+ cells impairs rule shifting, but not reversal learning
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